The effects of diagenetic aromatization on the carbon and hydrogen isotopic composition of higher plant di-and triterpenoids: evidence from buried wood.
progressive aromatization, whereas the situation is more contrasted with  2 H values. In the 27 case of diterpenoids related to abietic acid, a significant increase of the  2 H values by up to 86 28 ‰ with ongoing aromatization was measured. This is in contrast to what is expected for 29 dehydrogenated compounds which should be globally more 2 H-depleted than their precursor 30 molecules (e.g., biosynthesized unsaturated fatty acids vs. their saturated precursors). This 2 H 31 enrichment of aromatized diterpenoids could indicate that they represent only minor residual 32 intermediates, the majority of these intermediates having been further degraded by processes 33 favoring the degradation of the 1 H-containing substrates and having a moderately pronounced 34 12 C/ 13 C selectivity. With triterpenoids, a preservation of the  2 H values was observed 35 whatever the nature and extent of the aromatization process considered, which may be related 36 to enzymatic reactions showing a limited carbon and hydrogen isotopic effect upon 37 aromatization. 38 1. INTRODUCTION 44 The stable carbon ( 13 C) and hydrogen ( 2 H) isotopic composition of n-alkyl lipids from 45 plants (n-alkanes, n-alkanoic acids) in sediments have been actively investigated to acquire 46 plaeoenvironmental and palaeoclimatic information on, notably, the relative contributions of 47 C3 and C4 plants (e.g., Huang angiosperms and one dedicated to the aromatisation processes affecting diterpenoids in coals 74 and mustones (Tuo et al., 2006) . Nevertheless, comparison of the  13 C or  2 H values of di-or 75 triterpenoids aromatized to a different extent may occasionaly be found in articles not 76 specifically dealing with the impact of aromatization processes on carbon and hydrogen 77 isotopic composition, this aspect being generally not discussed (e.g., Schouten et al., 2007; 78 Tuo et al., 2003; Nakamura et al., 2010; Suzuki et al., 2010) . The main problem while 79 investigating isotopic fractionation during aromatization of terpenes resides in the fact that a 80
given aromatized terpenoid within a sediment sample might originate from mixed plant 81 sources. It results that the  13 C and  2 H differences between the aromatized intermediate 82 molecules within this sample might be due to fractionation effects associated with the 83 aromatisation process itself, but may also be related to source effects (i.e., contribution of 84 multiple source organisms with different isotopic compositions). To overcome this problem, 85
we have investigated the case of aromatized terpenoids within ancient buried woods samples. 86
They indeed represent ideal candidates to study the effects of early diagenetic aromatization 87 on carbon and hydrogen isotopic compositions of di-and triterpenoids since all the terpenoid 88 intermediates from a given buried wood sample must be unambiguously genetically related. 89
We report here the determination and possible significance of the variations of the  13 C and 90  2 H signatures of aromatic terpenoids from buried wood samples comprising conifer wood 91 (Pinus sylvestris) investigated for diterpenoids, and Quercus robur and Alnus sp. wood for 92 triterpenoids. 93 autosampler, an on-column injector, and an Agilent HP5-MS column (30 m x 0.25 mm i.d. x 116 0.1 µm film thickness), and connected to a ConFlow IV interface system and a GC Isolink II 117 conversion unit, comprising a combustion oven at 1000 °C for  13 C measurements (resp. a 118 pyrolysis oven at 1420°C for  2 H measurements). The temperature program was: 80 °C -310 119 °C (4°C/min) -isothermal at 310 °C (40 min). Each analysis was repeated 3 x. Before and 120 after each triplicate, the carbon (resp. hydrogen) isotopic composition of a certified n-alkane 121 mixture (Type A5; Arndt Schimmelmann, Biogeochemical Laboratories, Indiana University, 122 USA) was measured and used for calibration. The stability of the measurements was checked 123 using pulses of reference CO2 (resp. H2) prior (5 pulses) and after (3 pulses) each run. H3 + 124 factor was determined every day. The data were analyzed using Isodat 3.0 software. For 125 correction of the  13 C and  2 H values of derivatized lipids, see section 2.7. 126
Extraction and fractionation of lipids from the pine wood sample 127
The buried pine tree wood sample was extracted with CH2Cl2/CH3OH (1:1 v/v) according to 128 the procedure described by Schnell et al. (2014) . 975 mg of total lipid extract (TLE) were 129 obtained from 5.52 g of wood, an aliquot of which (240 mg) being derivatized (1. For the investigation of the isotopic effects associated with aromatization processes, we have 180 measured the carbon and hydrogen isotopic composition of the aromatic compounds 7, 8, and 181 9 after chromatographic separation of the total hydrocarbons from the TLE (see below). For 182 comparison, the  2 H and  13 C values of partly reduced compounds such as tetrahydroabietic 183 acid 1, one monounsaturated tricyclic hydrocarbon 6 and fichtelite 5 have been measured. 184
This allowed us to evaluate specifically the influence of decarboxylation on the carbon 185 isotopic composition of diterpenes (comparison between 1 and 5). Because of partial 186 coelutions in GC, determination of the  2 H and  13 C values of the various diterpenoids 187 discussed above could not be performed directly on the lipid fraction shown in Figure 1 . 188 Therefore, further liquid chromatography fractionation was carried out, leading to several sub-189 fractions enriched in the diterpenoids of interest and allowing the  2 H and  13 C compositions 190 of compounds 1 and 5-9 to be determined. 191
The results show that the carbon isotopic composition of the diterpenoids is retained, 192 independently of the diagenetic alteration process considered (decarboxylation, reduction, and 193 aromatization) ( Figure 2 ). On the contrary, the  2 H signatures seem to be strongly affected by 194 these processes, which apparently result in a progressive increase of the D values with 195 ongoing aromatization (from -238 ‰ for 18-norabietatriene 7 to -152 ‰ for retene 9).  2 H values of triterpenoids 12-17 are given in Figure 3 . Surprizingly, despite the loss of up to 229 six methyl groups from the precursor molecule 19 to its tetraaromatic phenol counterpart 17, 230 neither the carbon, nor the hydrogen isotopic compositions of the different intermediates seem 231 to be significantly affected by these aromatization processes progressing from ring D to ring 232
A. 233
For comparison, the impact of aromatization processes on the carbon and hydrogen isotopic 235 compositions during aromatization of C-3-oxygenated triterpenes (as opposed C2,C3-236 difunctionalized precursor molecules) following the "classical" pathway starting from ring A 237 and progressing towards ring D (e.g., Wolff et al., 1989; Stout, 1992) Chlorophyceae Eudorina unicocca and Volvox aureus. With these organisms, the  2 H values 316 measured for the C18 unsaturated fatty acids were similar or slightly higher than those 317 determined for stearic acid. These authors explained this observation by the fact that the 318 desaturases involved in the biosynthesis of unsaturated fatty acids in these organisms belong 319 to the so called "soluble" desaturases. As mentioned above, the action of these enzymes was 320 indeed shown to induce only very limited isotope effects (e.g., Behrouzian et al., 2001; Buist, 321 2004 ). In our case, the absence of a significant evolution of the  2 H value of the triterpenoids, 322 whatever the series considered (i.e., lupane vs. oleanane), the aromatization process (i.e., from 323 ring A to ring D or ring D to ring A; Figure 3 and Figure 6 , respectively), and aromatization 324 progress (i.e., from mono-to tetraaromatic derivatives), might thus be explained by the fact 325 that the 1 H/ 2 H isotopic effect related to the bacterial enzymes involved in these aromatization 326 processes operating under oxygen-depleted conditions is limited, similarly to the "soluble" 327 desaturases reported from plants. 328
In the case of the aromatized diterpenoids from Pinus silvestris, the significant increase of the 329  2 H values observed with increasing aromatization is more difficult to explain in this context. Figure 7) . In the case of cascade reactions as observed for the diagenetic di-and 359 triterpenoids, it is of importance to note that each intermediate also corresponds to the 360 substrate of the next reaction, the same type of 2 H isotope fractionation applying hence at each 361 step. Furthermore, at each step, the extent of 2 H isotopic fractionation will depend on the yield 362 of the reaction, the  2 H composition of the substrate increasing with increasing yield relative 363 to the product(s) formed. Therefore, given these considerations, it appears that the 364 interpretation of the 1 H/ 2 H signatures of biomarkers formed by diagenetic processes are 365 extremely difficult to interpret in the case of palaeoenvironmental studies (e.g., past climatic 366 changes, palaeohydrology). 367
Stable carbon isotopic composition 368
The results show that the carbon isotopic compositions of both di-and triterpenes do not seem 369 to be significantly affected by progressive aromatization, regardless of the nature of the 370 substrate (di-vs. triterpenes), of the process involved (triterpene aromatization progressing 371 from ring A to ring D or from ring D to ring A) and of the number of carbon atom(s) lost 372 during the process (with up to 6 methyl groups lost in the case of tetraaromatic triterpenoids). 373
This suggests that the kinetics of the enzymatic processes for aromatization are not sensitive 374 to carbon isotopic effects. In the same way as that proposed to explain the evolution of the 375  2 H signatures of terpenoids in relation with intense alteration processes (see above), one 376 might envisage that these degradation processes might potentially also lead to an increase of 377 the  13 C values of the residual, undegraded aromatic terpenes. However, such a trend has not 378 been observed, and might be due to the fact that anaerobic biodegradation processes affecting 379 aromatic hydrocarbons can be significantly more sensitive to hydrogen isotopes than to 380 carbon isotopes, at least in some cases, as demonstrated for the anaerobic biodegradation of Version non révisée
